In recent years, investigations of angular distributions of fragments in neutron-induced nuclear fission have been extended to intermediate energies, up to 200 MeV, as well as to a wide range of target isotopes. Using as an example the latest data obtained by our group for the reaction 237 Np(n, f ), we discuss the specific features of fission fragment angular distribution and present a method for their simulation based on the code TALYS. It is shown that a simplified model reasonably describes energy dependence of the angular distribution in the whole range 1-200 MeV. The ways to improve the model are discussed along with the possibilities to use it for obtaining new information on fission and pre-equilibrium processes in neutron-nucleus interaction. We consider also the relevant problems of describing fission fragment angular distributions.
Introduction
Within the last five years we have studied angular distributions of fragments in neutron induced fission at energies 1-200 MeV for the following isotopes: 232 Th, 235 U, 238 U [1] , 209 Bi, 233 U [2] , nat Pb, 239 Pu [3] , and 237 Np [4] (see also [5, 6] ). Measurements were made with the use of the pulsed spallation neutron source and neutron TOF spectrometer GNEIS based on the 1 GeV proton synchrocyclotron in the Petersburg Nuclear Physics Institute [7, 8] . Similar investigations were performed also by collaborations n TOF and NEFFTE for target nuclei 232 Th [9] , 235 U, 238 U [10] and 235 U [11] , respectively. These studies are of significance because almost all earlier obtained data on fission fragment angular distributions refer to the energy region below 20 MeV; only in the work [12] the angular anisotropy of fragments in neutron induced fission of 232 Th and 238 U was measured up to the energy 100 MeV.
These studies using neutrons of intermediate energies of up to 200 MeV and higher are important for the development of new nuclear technologies, such as nuclear power based on ADS (Accelerator-Driven Systems), transmutation of nuclear waste, radiation testing of materials, nuclear medicine. Besides, the data on fission fragment angular distributions are of interest for nuclear science by stimulating the progress of theoretical models for neutronnucleus collisions and accompanying processes. Fission is among the most noticeable ones * e-mail: a_l_barabanov@mail.ru if one uses heavy target nuclei. Moreover, the fission is of special interest due to the fact that a nucleus undergoes fission while being in the equilibrium excited state only, i.e. when the excitation enegy is distributed over all degrees of freedom, including collective ones. That is why at high collision energy, when pre-equilibrium processes play substantial role both in the reaction and subsequent nuclear decay, restrictions on their contributions may be obtained from the observation of fission.
Many other specific features of fission including fission fragment angular anisotropy are related to transition states on barriers first introduced by A. Bohr [13] . The transition state is characterized by a projection K of the nuclear spin J on the deformation axis which transforms into the direction of fission axis. Thus the quantum number K along with a spin projection M on the z axis of laboratory reference system determines an angular distribution of fission fragments dw J MK (ω)/dΩ. Therefore the angular distribution of fragments is among observables, which are the most sensitive to the transition states characteristics, in particular, to the K value. This circumstance resulted in intensive experimental studies of fission fragment angular anisotropy during 2-3 decades after discovery of this phenomenon in the energy region below 20 MeV available at that time (see, e.g., [14] ).
In this work we discuss the specific features of fission fragment angular distribution in the wide energy range 1-200 MeV and the possibilities of using them to obtain new information on fission and pre-equilibrium processes in neutron-nucleus interaction. We present a model describing energy dependence of the angular distribution in the whole range 1-200 MeV. Throughout the work we use as an example the data for the reaction 237 Np(n, f ). We consider also the relevant problems in this field and perspectives for the development.
Total fission cross section
Currently, there are a number of computer codes focused on modeling nuclear reactions in a wide energy range, covering the interval of 1-200 MeV; among them the nuclear reaction program TALYS [15] . However, TALYS as well as the other known similar programs has a limited functional for describing differential cross sections, in particular, it does not compute differential fission cross section. Let us consider shortly the main features of the TALYS program. It deals only with binary channels, like many other similar codes. Thus, at the first stage of reaction, just after neutron-nucleus collision, only two possibilities are taken into account: either a compound nucleus is formed (let it consists of Z 0 protons and N 0 neutrons) and then decays into one of the binary channels (fission is among them), or a particle (γ, n, p, d, t, h, α) and corresponding residual nucleus (which is generally excited) are produced in a direct or pre-equilibrium process. Thus, the cross section of fission at the first stage of the reaction (binary fission in terms of the TALYS Manual) is given by
where σ Z 0 N 0 (Jπ) and P Z 0 N 0 f (Jπ) are the population cross section and the fission probability (fissibility) of the compound state with spin J and parity π. However, this is only a part of the total fission cross section because any excited residual nucleus formed at any stage of the reaction may undergo fission.
Thus, at the first reaction stage residual nuclei arise either in the primary compound nucleus decay or as the result of a direct or pre-equilibrium process. In the first case, the residual nucleus is assumed to be in an equilibrium excited state (in other words, to be a secondary compound nucleus); it decays at the second reaction stage into a particle and a new residual nucleus or divides into two fragments. In the second case, the residual nucleus is, generally, Fission cross section, f (barn)
Neutron energy, E (MeV) Figure 1 . Fission cross section for 237 Np versus neutron energy E. in a non-equilibrium excited state, therefore, it decays into a particle and a residual nucleus either due to a pre-equilibrium process (this is a multiple pre-equilibrium emission), or after transition to the compound state with an additional possibility to undergo fission. The same is true for third and subsequent reaction stages. Lets i numerates the levels of the nucleus (Z, N) with the same spin J and parity π (in the nucleus (Z 0 , N 0 ) the number i 0 corresponds to the primary compound state). Then the population cross section σ ZN (Jπi) of a level is a sum of two contributions,
where the first one corresponds to the case, when a direct (D) or pre-equilibrium (PE) process preceeds the level population, while the second one -to the case, when the level is populated as a result of statistical decay of the primary compound nucleus. The total fission cross section is given by
where P ZN f (Jπi) is the level fissibility, and summation over i be the integration when the levels belong a continuum (the cross section (1) can be extracted from (3) keeping only the terms corresponding to Z = Z 0 , N = N 0 , i = i 0 with σ Z 0 N 0 (Jπ) = σ C Z 0 N 0 (Jπi 0 )). We see that according (2) and (3) the total fission cross section divides into two parts, σ DPE f and
depending on either we deal with a residual nucleus fission preceeded by a direct or preequilibrium process, or with the primary compound nucleus fission or fission of a residual nucleus formed as a result of its statistical decay.
In the TALYS program, the fission cross section (3) is calculated using a number of models, in particular, the optical one, as well as for direct and pre-equilibrium processes, level density of excited nuclei, probabilities of radiation transitions, nuclear fission. Each model implies many parameters. One can take the values that are considered as optimal and set by default, or change them. Many default parameters are taken from the RIPL library [16] . Since we deal with the reaction 237 Np(n, f ), let us consider the corresponding total fission cross section measured in [17] [18] [19] . In the last of these works, the results obtained for the interval 0.1-9 MeV were compared with the calculated values. It turned out that the use of parameters from the RIPL library -heights and widths of the barriers, transition states, level density at the barriers -leads to significant discrepancies (see the dotted line in Fig. 1 obtained by the TALYS program with the default parameters). But a modification of the listed parameters for the isotopes 238 Np, 237 Np, 236 Np allowed the authors of [19] to get a good description of the observed fission cross section. We restricted ourselves to correcting the heights and widths of the barriers, as well as the transition states for the mentioned isotopes. Choosing the default option of explicit account of collective enhancement of the level density for nuclei at barriers, we obtained using the TALYS code the total fission cross section as function of the incident neutron energy, which reasonably agrees with the results of measurements in the range of 0.1-100 MeV. Noticeable discrepancies occur only in the range of 2-16 MeV, but they do not exceed 25-30 %. The experimental data and the calculated curves are presented in Fig. 1 . The calculations were performed with and without account for multiple pre-equilibrium emission (in Ref. [4] we have considered only the second option). Both the total fission cross section (3) and its compound component σ C f (4) are shown in Fig. 1 . For details about the used corrected parameters for barriers and transition states we refer to [4] (transition states correspond to variant 1 from this paper). The calculations of the fission fragment angular anisotropy for the reaction 237 Np(n, f ) described below were performed with the same corrected parameters.
Fission fragment angular distribution
Fission fragment angular distribution is defined via differential fission cross section:
where θ is the angle between the light (for definiteness) fragment momentum and the direction of momentum k of incident neutrons, taken for the axis z. Notice, that the spin of compound nucleus J = s + I + l is combined of neutron spin s = 1/2, target-nucleus spin I, and neutron orbital momentum l = [r × k]. When s and I are not oriented, then the spin J is directed predominantly transversely to the z axis because l ⊥ k. In other words, the compound nucleus states with small projections M of spin J are predominantly populated, with states M and −M are populated with equal probabilities (this type of spin orientation is referred as spin alignment). Spin orientation of fissioning compound state is a necessary condition for angular anisotropy of emitted fragments. When the oriented compound nucleus decays into the particle and residual nucleus, then the spin orientation partially transfers to this nucleus. Thus, the fragments from its fission are emitted also anisotropically with respect to the z axis. The same is true for the subsequent stages of the primary compound nucleus decay. In a similar way, when a direct or pre-equilibrium process occurs at the first reaction stage, then, in principle, the formed residual nucleus also obtains some spin orientation. That is why the fission fragment angular anisotropy may arise when both this nucleus as well as the nuclei resulting from its decay undergoes fission. Thus, the differential fission cross section (and the angular distribution of fission fragments) depends on the spin orientation of all states (with nonzero spins) of all nuclei forming in the reaction and capable for fission. This orientation, in turn, is determined by the population cross sections σ ZN (JπiM) for states with particular projections M of spin J on the z axis or, what is equivalent, by the diagonal elements of the spin density matrix
These quantities are not calculated in TALYS and other similar programs known to us, therefore, they do not have the option of computing the angular distribution of fragments (as well as the differential fision cross section).
In general, the angular distribution dw Jπi ZN (θ)/dΩ of fragments from fission of a nucleus (Z,N) at a level (J,π,i) is a superposition of the angular distributions
corresponding to transition states with definite J, M and K. In fact, according to A. Bohr [13] , the spatial part of the wave function of the axially symmetric nucleus at such transition state is proportional to the Wigner function D J MK (ω) = e iMφ d J MK (θ) e iKψ , where Euler angles ω = (φ, θ, ψ) determine the orientation of the reference frame, related to the nucleus, with respect to the laboratory system (x, y, z). Thus, the square of the modulus of the Wigner function determines the distribution in space of the direction of the deformation axis and, consequently, the direction of fission axis. Thus, the superposition has the form
where the probability distribution over the number K is introduced
Here, P ZN f (JπiK) is the fission probability via the transitional states with the projection K of spin J on the deformation axis (note that variants of expression (8) are sometimes called as the Halpern-Strutinsky formula -see, e.g., [20] ). The distribution (9) is determined by the fission mechanism (in particular, the nucleus may not have axial symmetry on the barrier; in this case, some mixing over K is known to occur). It is important that ρ Jπ (K) = ρ Jπ (−K) in the absence of parity violation effects (they are very small and usually may be neglected). Thus, if the angular distributions (8) normalized to unity are known, then the differential fission cross section can be written as
and calculated, in effect, by the same scheme as the total fission cross section (3). In practice, it is convenient to define the spin orientation of the nucleus in the ground or excited state with spin J not in terms of the elements of the density matrix η J (M), but in terms of irreducible components of this matrix or, in other words, in terms of spin-tensors of orientation τ Q0 (J) (see e.g. [21] ):
where C Aa BbDd are Clebsch-Gordan coefficients. For simplicity, the indices Z, N, π, i that completely define nuclear levels are omitted here. Restoring them and using the identity
we rewrite (8) as follows where P Q (cos θ) are Legendre polynomials; we call the quantities
the anisotropy parameters. Since ρ Jπi ZN (K) = ρ Jπi ZN (−K), they are nonzero only for even values of Q. It is also significant that if the distribution ρ Jπi ZN (K) (or η Jπi ZN (M)) is smooth, then the parameters β ZN Q (Jπi) (or spin-tensors τ ZN Q0 (Jπi)) quickly decrease with increasing of Q. Thus, substituting (13) to (10), we get for the differential fission cross section
where
with σ f 0 = σ f . According to (2), the differential fission cross section (15) , (16) , like the total cross section, devides into the sum of dσ DPE f /dΩ and dσ C f /dΩ. As for the angular distribution of the fragments (5), it also takes the form of a series over Legendre polynomials:
The convenience of these formulae is determined by the fact that in practice almost always at least one of the distributions, either over M or over K, is smooth, so that σ f Q and A Q decrease rapidly with the growth of Q. Accordingly, with rare exceptions, the shape of the angular distribution W(θ) is mainly determined by the single parameter A 2 . It has already been said that we have studied the angular distributions W(θ) of fragments in the fission of a number of isotopes by neutrons with energies of 1-200 MeV. A detailed description of measuring technique and methods of data processing is presented in [1] [2] [3] [4] . For all isotopes and at all energies, we have found that only the coefficients A 2 and A 4 are significant in the decomposition (17) , and, as expected, the latter is always noticeably smaller than the former. With these coefficients, we have calculated the energy-dependent angular anisotropy
for each isotope. In Fig. 2 our results are presented on the angular anisotropy of fragments in the reaction 237 Np(n, f ) together with the experimental values previously obtained for energies up to 20 MeV [22] [23] [24] [25] [26] [27] [28] . Note that in some of these works the ratio W(0 • )/W(90 • ) had been measured directly. From Fig. 2 it can be seen that our data are generally in a good agreement with the results of other authors, the data in the region above 20 MeV are obtained for the first time. The next section is devoted to our calculations of the fission fragment angular distribution (17), i.e. the coefficients A Q (as expected, they decrease rapidly with the growth of Q). Then, we calculate the angular anisotropy W(0 • )/W(90 • ) and compare it with the observed one. In fact, we thus compare the calculated and observed dominant coefficients A 2 , neglecting the contributions to the angular distribution related to Q = 4 and above. This is justified at the initial stage of the analysis of angular distributions of fragments. In the following papers we are about to analyze the coefficients A 4 .
Model for angular distribution of fragments
To calculate the coefficients A Q (17), (16) one needs to know the spin-tensors of orientation (11) and the anisotropy parameters (14) for all levels of all fissioning nuclei formed in the reaction. As for the spin orientation of the initial compound nuclei, it can be found in the framework of the optical model (see, e.g., [14] ; a general expression for the corresponding spin-tensors is given in [29] ). Transfer of orientation from a decaying nucleus with spin J 1 to a residual nucleus with spin J 2 in the act of emitting of a light particle with a total angular momentum j is described by
where W(abcd, e f ) is Racah function (for the case of gamma transition of multipolarity L = j an expression of this type, presumably, had been first obtained in [30] ). Similarly, spintensors of orientation of residual nuclei formed at the first stage of the reaction as a result of a direct or pre-equilibrium process can be calculated in the framework of quantum models of these processes. Note, however, that the calculated cross-section σ C f and the observed angular anisotropy of the fission fragments W(0 • )/W(90 • ) decrease similarly at E > 20 MeV (see Figs. 1 and 2) . Thus, at high energies the angular anisotropy seems be mainly related to the decay of primary compound nucleus. This is so indeed, first, due to the fact that at high collision energy and, consequently, high orbital momentum of incident neutron, the primary compound nucleus possesses a large and well aligned spin J. Second, there is a difference in angular momenta carrying away by particles emitted in statistical decay, on the one hand, and direct and preequilibrium processes, on the other hand. In the former case the particles have relatively low energies, of the scale of nuclear temperature, and therefore low angular momenta, while in the later one the particles are usually emitted with high energies and, accordingly, with large angular momenta. Thus, the spin orientation should remain well pronounced for residual nucleus resulting from statistical decay, while there are no grounds for expectations of noticeable spin orientation for residual nuclei resulting from direct and pre-equilibrium processes. Therefore, we take as an assuption that the DPE component of the differential fission cross section is purely isotropic. Thus, instead of (15), (16) we get:
where the quantities
are determined by the population cross sections σ C ZN (Jπi) and spin-tensors of orientation τ CZN Q0 (Jπi) for states of either primary compound nucleus or residual nuclei arising at its statistical decay.
Besides the spin-tensors of orientation, the anisotropy parameters β ZN Q (Jπ) (14) are to be calculated. As the starting point, we restrict ourselves by introducing a minimum number of additional parameters, and take the distributions ρ Jπi ZN (K) to be the same for all Z, N, J, π, and i. Above the barrier we use the statistical distributions, ρ Jπi ZN (K) ∼ e −K 2 /2K 2 0 , where K 2 0 = J eff T/ 2 is determined by the temperature T of the nucleus on the barrier and an effective moment of inertia J eff (see [14] ), while below the barrier we assume ρ Jπi ZN (K) ∼ e −α(|K|−K 1 ) 2 , where α is a fixed parameter and K 1 is the spin projection for the dominant transition state. Note that at high energies of incident neutrons, the excitation energy of a fissioning nucleus, as a rule, sizably exceed the barrier height, and therefore, generally, the type of distribution over K for energies below the barrier is not of importance. Only at low neutron energies, at the subbarrier fission of the compound nucleus 238 Np, the value of K 1 for this isotope essentially determines the type of angular distribution of the fragments; we discuss this point in details below. The choice of K 1 for the isotope 237 Np can noticeably affect the angular anisotropy of the fragments in the threshold energy region for the reaction (n, n ′ f ), near E ≃ 7 MeV. The experimental data reveal a pronounced peak (see Fig. 2 ), so to maximize the effect the lowest value K 1 = 0.5 is taken. For all other nuclei the value for K 1 was assumed to be 1.5. Additional explanations are presented in [4] .
Thus, the quantities (21) for Q = 2, 4, . . . can be calculated by the same scheme as the compound component of the total fission cross section (4) . It was realized as an addition to the TALYS program.
Results and discussion
The model described above and the results of first calculations for fission fragment angular distribution in the reaction 237 Np(n, f ) were previously presented by us in the paper [4] . The main result was that even in its simplest form, with the use of a minimum number of additional parameters, the model successfully reproduces the gross structure of the dependence of the angular anisotropy of fragments on energy in a wide energy range of 1-200 MeV. In this paper, we present some additional results, as well as consider in more details relevant problems.
The first is that at this stage we, in fact, neglect the influence of direct and pre-equilibrium processes on angular anisotropy. There are reasons for this, as shown above, but it would be interesting to obtain quantitative estimates. Note that in [4] we used a simplification that reduces the role of these processes and hence the uncertainties associated with them, namely: the angular distributions of the fragments were computed in neglecting the multiple preequilibrium emission. However, as seen from Fig. 1 , the account for multiple pre-equilibrium emission only slightly lowers the fission cross section in the region of 20-100 MeV and practically does not affect the compound component σ C f of this cross section. Similarly, it turn out that the angular distributions calculated in the framework of the model are scarcely dependent on whether the multiple pre-equilibrium emission is taken into account or not. In this work, the angular distributions are calculated with account for the multiple pre-equilibrium emission. It has already been mentioned above that in the current simplified version of our model one value is used for the effective moment of inertia on the barrier J eff for all fissioning isotopes. To establish the sensitivity to this parameter, the fission fragment angular anisotropy was calculated for different values of J eff . The results are presented in Fig. 2 for two values with 2 /J eff = 0.012 and 0.022 MeV. These values have been chosen so that to include almost all experimental points above ∼ 1 MeV into region limited by the corresponding curves. As expected, the anisotropy does not depend on J eff at energies below 1 MeV, where the subbarrier fission occurs (in these calculations it is taken K 1 = 0 for 238 Np), and above 100 MeV, where the observed angular distribution becomes close to isotropic. In reallity, the effective moment of inertia varies from nucleus to nucleus, and this calculation shows the scale of its variation. We plan to include in the model the possibility of taking into account the dependence of J eff on the type of fissioning nuclei. In general, the higher the collision energy, the greater the number of fissioning isotopes contributing to the observed fission cross sections (earlier, the importance of proper account for multi-chance fission was pointed out, in particular, in [12] ). Thus, the angular anisotropy of fragments seems to be sensitive to systematics describing not only the effective moment of inertia, but also other parameters significantly dependent on (Z, N), such as the parameters of fission barriers and level density.
Special attention is to be paid to the discrepancy between the calculated and observed fission cross-section in the region above 100 MeV -see Fig. 1 . It seems likely the models used in TALYS overestimate the role of pre-equilibrium processes in this area, and, thus, underestimate the yield of fissioning primary and secondary compound nuclei. In particular, our experimental data (see Fig. 2) show the presence of a small but nonzero anisotropy above 100 MeV, although the calculated values of W(0 • )/W(90 • ) in this region practically coincide with the unit. Therefore, there is good reason to believe that further studies of the fission fragment angular anisotropy at intermediate energies will refine the contributions of preequilibrium processes to cross sections of different processes, in particular, of fission.
Finally, let us turn to energies of incident neutrons below 1 MeV. In this region the fission cross-section falls rapidly due to transition from above-barrier to sub-barrier fission. Here one would expect a significant effect of a low-lying transition state with a definite value of K 1 on the angular distribution of the fragments. However, the reality seems more complicated as follows from the calculations of angular anisotropy performed for different values of K 1see Fig. 3 (note that all the curves at this figure have been obtained with 2 /J eff = 0.017 MeV). In the region under consideration, especially below 0.5 MeV, neutron s-and p-waves dominate. Thus, since the nucleus 237 Np has spin and parity 5/2 + , the compound states 2 + , 3 + , 1 − , 2 − , 3 − , 4 − are predominantly excited in neutron capture. So the spin projection K 1 was taken in the range from 0 to 4. Although the accuracy of the experimental data is not perfect, it can be seen that none of the curves describes them satisfactorily. The most appropriate are the extreme values K 1 , equal to 0 and 4. Thus, in the sub-barrier energy region our approach to distribution over K does not look suitable. However, do note that the data [25] had been obtained a long time ago, but no successful attempt to interpret them is known.
Summary
Angular distributions of fragments in neutron-induced nuclear fission have attracted the attention of researchers for many decades. Substantial progress was achieved in [12] , where for the first time not only experimental data for energies noticeably exceeding 20 MeV were obtained, but also an attempt was made to describe the data using modern computer codes on the basis of a model similar to that described in this paper. This model, in particular, was based on the calculations of the population cross sections of nuclear states with the spin projections M on the z axis. The results obtained for the reactions 232 Th (n, f ) and 238 U (n, f ) were compared with the experimental data presented in the same paper. However, no further publications of these authors came out, to unveil the necessary details on the method used or perform calculations for other target nuclei.
In recent years, invetigations have been extended to intermediate energies, up to 200 MeV, as well as to a wide range of target isotopes. The need to systematize new data, extract from them essential information about the fission process as well as the features of neutronnucleus reactions at intermediate energies prompted us to develope a method for calculating the fission fragment angular distributions. In this paper we present the method based on the TALYS program and show that the results of calculations based on the simplified model are in good agreement with experimental data. It provides a hope that new information about fission barriers, transition states, as well as the role of pre-equilibrium processes in the neutronnuclear interaction can be obtained by improving and complicating the model.
At this stage, we see the need to complicate our model by including an account for the dependence of parameters such as the effective moment of inertia on the type of fissioning nuclei. It would be useful to develop methods for calculating the spin-tensors of orientation for excited nuclei formed in direct and pre-equilibrium processes. At low energy region, it is necessary to combine in some way an evaluation of distribution of fission probabilities over K with the usually performed calculation of fission transmission coefficients involving account for appropriate transition states. The contribution related to the fourth Legendre polynomial into fission fragment angular distribution calls for further investigation. In general, it seems that nowadays the experimental data on angular distributions of fragments are little used for improving the current fission model, thus the main problem is to correct this situation.
At last, mention that the developed methods can be used to calculate the angular distributions of γ-quanta emitted by excited compound nuclei, which, for example, may be useful in the study of the (n, γ f ) reaction. In addition, all these methods can be extended to reactions initiated by charged particles, such as (p, f ) and (p, γ).
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